Detection of pathogens by plants is mediated by intracellular nucleotide-binding site leucine-rich repeat (NLR) receptor proteins. NLR proteins are defined by their stereotypical multidomain structure: an N-terminal Toll-interleukin receptor (TIR) or coiled-coil (CC) domain, a central nucleotide-binding (NB) domain, and a C-terminal leucine-rich repeat (LRR). The plant innate immune system contains a limited NLR repertoire that functions to recognize all potential pathogens. We isolated Response to the bacterial type III effector protein HopBA1 (RBA1), a gene that encodes a TIR-only protein lacking all other canonical NLR domains. RBA1 is sufficient to trigger cell death in response to HopBA1. We generated a crystal structure for HopBA1 and found that it has similarity to a class of proteins that includes esterases, the hemebinding protein ChaN, and an uncharacterized domain of Pasteurella multocida toxin. Self-association, coimmunoprecipitation with HopBA1, and function of RBA1 require two previously identified TIR-TIR dimerization interfaces. Although previously described as distinct in other TIR proteins, in RBA1 neither of these interfaces is sufficient when the other is disrupted. These data suggest that oligomerization of RBA1 is required for function. Our identification of RBA1 demonstrates that "truncated" NLRs can function as pathogen sensors, expanding our understanding of both receptor architecture and the mechanism of activation in the plant immune system. plant immunity | NLR | Toll-interleukin-1 receptor homology domain | oligomerization | type III secretion
Detection of pathogens by plants is mediated by intracellular nucleotide-binding site leucine-rich repeat (NLR) receptor proteins. NLR proteins are defined by their stereotypical multidomain structure: an N-terminal Toll-interleukin receptor (TIR) or coiled-coil (CC) domain, a central nucleotide-binding (NB) domain, and a C-terminal leucine-rich repeat (LRR). The plant innate immune system contains a limited NLR repertoire that functions to recognize all potential pathogens. We isolated Response to the bacterial type III effector protein HopBA1 (RBA1), a gene that encodes a TIR-only protein lacking all other canonical NLR domains. RBA1 is sufficient to trigger cell death in response to HopBA1. We generated a crystal structure for HopBA1 and found that it has similarity to a class of proteins that includes esterases, the hemebinding protein ChaN, and an uncharacterized domain of Pasteurella multocida toxin. Self-association, coimmunoprecipitation with HopBA1, and function of RBA1 require two previously identified TIR-TIR dimerization interfaces. Although previously described as distinct in other TIR proteins, in RBA1 neither of these interfaces is sufficient when the other is disrupted. These data suggest that oligomerization of RBA1 is required for function. Our identification of RBA1 demonstrates that "truncated" NLRs can function as pathogen sensors, expanding our understanding of both receptor architecture and the mechanism of activation in the plant immune system. plant immunity | NLR | Toll-interleukin-1 receptor homology domain | oligomerization | type III secretion P lants lack an adaptive immune system and thus must rely on a limited innate immune system to detect and defeat potential pathogens. Exactly how plant innate immune receptors form a functional immune system is not well understood. There are two large classes of plant immune receptors (1) . The first contains extracellular domains that detect microbial-associated molecular patterns (MAMPs) and activate MAMP-triggered immunity (MTI). These MTI receptors are sufficient to induce resistance to most microbes. However, evolutionarily adapted pathogens have evolved sophisticated systems to suppress MTI. Gramnegative bacterial pathogens such as Pseudomonas syringae use a molecular needle, the type III secretion system, to inject a set of bacterial virulence proteins (type III effectors; T3Es) directly into the host cytoplasm to suppress MTI and promote pathogen proliferation (2) . In response, plants evolved a second class of immune receptors, the intracellular nucleotide-binding site leucine-rich repeat (NBS-LRR) receptors (NLRs) (3) . NLRs directly or indirectly detect the presence of T3Es. The reference Arabidopsis genome (from the inbred accession Col-0) contains roughly 160 NLR proteins (4) . These receptors are characterized by a multidomain architecture consisting in plants of either an N-terminal coiled-coil (CC) or Toll-interleukin (TIR) domain, a central AAA ATPase nucleotide-binding site domain (NBS), and C-terminal leucine-rich repeats (LRRs). Current models propose that NLR proteins switch from a closed "off" conformation to an open "on" conformation. The off conformation is thought to be maintained by intramolecular folding of C-terminal NBS and LRR domains to regulate signaling via the N-terminal TIR or CC domain negatively (5, 6) . Upon pathogen detection, intramolecular negative regulation is released by unknown mechanisms, resulting in conformational changes in the NBS associated with nucleotide exchange. Homodimerization of the N-terminal domain is thought to activate downstream effector-triggered immunity (ETI). The mechanistic activation of NLRs and how they trigger downstream ETI remain obscure, although recent structural studies of animal analogs have begun to provide important details and support NLR oligomerization as a key feature of activation (7) (8) (9) .
Both animal and plant TIR domains form homo-and heterodimers. In the case of animal transmembrane Toll-like receptors (TLRs), intracellular TIR homodimerization forms a nucleating site that recruits additional TIR domain-containing adaptors to Significance Multicellular organisms must have complex immune systems to detect and defeat pathogens. Plants rely on nucleotide binding site leucine rich repeat (NLR) intracellular receptors to detect pathogens. For hundreds of years, plant breeders have selected for disease-resistance traits derived from NLR genes. Despite the molecular cloning of the first NLRs more than 20 y ago, we still do not understand how these sensors function at a mechanistic level. Here, we identified a truncated NLR protein that activates cell death in response to a specific pathogen effector. Understanding how truncated NLRs function will provide a better mechanistic understanding of the plant immune system and an expanded toolkit with which to engineer disease resistance rationally in crops.
transduce immune signals (10) . In the case of plant intracellular NLRs, TIR-domain homodimers are often sufficient to signal for immune responses (11) . Plant and animal TIR-domain crystal structures support the existence of a variety of dimer interfaces (12) . There are two distinct interfaces from crystal structures of plant TIRs, defined by the homodimeric flax NLR L6 TIR domain and the homo-and heterodimeric Arabidopsis RPS4/RRS1 TIR domains (13) (14) (15) (16) . Overexpression of either the L6 or RPS4 TIR domain is sufficient to trigger cell death (13, 17) . Mutation of the putative dimer interface in either L6 or RPS4 demonstrates that the corresponding dimer orientation is required for their function (13, 14) . Although structural and genetic data are consistent with TIR domain dimerization, whether NLR proteins are limited to dimerization or higher-order oligomeric structures exist remains an open question. How these structurally distinct dimers (or any NLRs, for that matter) become activated by effectors and signal downstream to activate defense responses remains unknown.
The function of many bacterial T3Es is still not understood, but several either suppress important parts of the host immune system or alter host metabolism to promote pathogen success (18, 19) . Because T3Es are evolved tools, understanding their targets and function should reveal unique insights into the host's biology. We screened a large collection of P. syringae effectors to uncover effector-dependent phenotypes on a wide range of Arabidopsis genotypes. We discovered that the T3E HopBA1 is recognized by a TIR-only immune receptor that we call "RBA1" (for "response to HopBA1") and that the ensuing immune response requires canonical TIR-NBS-LRR (TNL) signaling components. Additionally, we solved the crystal structure of HopBA1 and found striking resemblance to a bacterial heme scavenger protein. We characterized the HopBA1-RBA1 interaction and provide genetic data suggesting that a plant TIR domain can simultaneously engage multiple self-association interfaces. Our findings demonstrate immune function for a previously uncharacterized "truncated" NLR, thus expanding the known capabilities of plant intracellular receptors to recognize signals of microbial invasion.
Results

Screening Natural Variations of Arabidopsis Revealed a Polymorphic
Response to HopBA1. Previously, we identified a large collection of P. syringae T3Es (20, 21) . We sought to identify host-polymorphic phenotypes by delivering each T3E individually to leaves from a panel of inbred Arabidopsis accessions. We delivered the T3Es from a modified Pseudomonas fluorescens strain that lacks endogenous effectors but expresses a heterologous P. syringae type III delivery system (Pf0-1 EtHAn, hereafter Pf0-1) (22) . We screened 58 effectors across 89 inbred Arabidopsis accessions (Fig. S1 ). HopBA1, previously undescribed, triggered a cell-death phenotype on two accessions of Arabidopsis. The strongest and most consistent cell-death response to HopBA1 was in the accession Ag-0 (Fig. 1A ).
HopBA1 Is Recognized by the Host Immune System. HopBA1 triggered cell death on Ag-0 leaves when delivered from the Pf0-1 system. To test if HopBA1 had an effect when delivered from a plant pathogen, we performed growth assays using the virulent strain P. syringae pv. tomato (Pto) DC3000 (virulent on Arabidopsis). Pto DC3000 expressing HopBA1 grew 10-to 100-fold less than Pto DC3000 containing an empty vector (EV) (Fig. 1B) . Surprisingly, HopBA1 was able to restrict pathogen growth on both the Ag-0 and Col-0 accessions, despite the lack of a visible cell-death phenotype on leaves of the latter (Fig. 1B) .
Phylogenetic Distribution of hopBA1. HopBA1 was originally defined as a T3E from two P. syringae strains isolated from wheat (pv. japonica) or sugar beet (pv. aptata), respectively (20) . To expand our collection of alleles, we searched public databases for variants of HopBA1 or HopBA1-similar proteins (Table S1 ; alignment available on request). In addition to P. syringae, we identified HopBA1-related proteins in multiple species of the plant pathogen genus Erwinia. We found more divergent HopBA1 family members in two strains of enterobacteria: in Ag1, a mosquito gut microbiome strain (23) , and in Cedecea davisae, an emerging pathogen from immunocompromised humans (24) . We cloned several of the plant pathogen HopBA1 variants and tested their ability to trigger cell death in Ag-0. All P. syringae alleles tested were recognized, but more divergent alleles remain ambiguous because they were not translocatable using a P. syringae type-III secretion system (Table S2) .
Genetic Analysis in Arabidopsis Defines a TIR-Containing, Truncated NLR Protein That Encodes RBA1. To determine what genes are required for Arabidopsis to recognize HopBA1, we positionally cloned RBA1 using interaccession variation in the cell-death response as the mapping phenotype. In an F2 population of ∼3,100 Ag-0 × Ler-0 individuals, cell death segregated as a single, dominant Mendelian trait to an interval containing a single gene: At1g47370 (Fig. S2A) . Sequencing of Ag-0 revealed some structural variations relative to the reference genome Col-0 (Fig.  S2A ) but no novel genes, and it was consistent with subsequent public resequencing data (25) . At1g47370 was predicted to encode a novel TIR-X protein in the reference Col-0 genome containing a NLR-like TIR domain followed by an unknown "X domain" lacking homology to known proteins (Fig. S2B) . Our molecular reannotation of At1g47370 in Ag-0 and Col-0 indicated that it encodes a TIR-only protein, lacking any "X domain" or NB-LRR domains ( Fig. 2A and Fig. S2B ). Homology modeling indicates that RBA1 is structurally most similar to the TIR domain of the immune receptor RPS4, a full-length TIR-NBS-LRR protein (Phyre2 100% confidence, 41% sequence identity) (Fig. 2B) .
The TIR-Only Ag-0 RBA1 Allele Complements Col-0 for Cell Death in Response to HopBA1. We generated a complementation construct that contains 725 bp of upstream promoter region, a single HA epitope tag, and 1,733 bp of genomic Ag-0 DNA corresponding to the TIR-only form of RBA1. When transformed into Col-0, this construct conferred a cell-death response in response to HopBA1 delivered from Pf0-1, validating our reannotation of the locus (Fig. 2C and SI Materials and Methods). In addition, we generated two rba1 mutants with nonsense alleles in the first exon via CAS9 mutagenesis in the Ag-0 genome (Fig. S2 C-E) . Both rba1 mutants displayed a decreased cell-death response to HopBA1 at 24 h postinfection, as assessed qualitatively (by leaf collapse) and quantitatively (measured via ion leakage) (Fig. 2 D  and E) . Collectively, these results indicated that RBA1 is a TIRonly NLR-like protein, which, despite the lack of canonical NBS and LRR domains, functions to activate cell death in response to a pathogen virulence effector. Public expression data (Genevestigator) of the Col-0 accession indicated that RBA1 Col-0 is likely a pseudogene, potentially controlled via cytosine methylation, because it is expressed in the met1-3 mutant that is deficient in transcription-repressing CG-methylation (Fig. S2F ). Consistent with this interpretation, public methylation data indicate that the ∼830 bp section immediately upstream of RBA1 is methylated to a lower extent in Ag-0 than in Col-0 (Fig. S2G) (26) . This region contains the 725-bp promoter used to drive our native promoter RBA1 construct and thus is sufficient for function. We speculate that the distinct Col-0/Ag-0 RBA1 phenotypic response to HopBA1 is an expression polymorphism. Consistent with this interpretation, we were able to amplify RBA1 cDNA from Ag-0 but not from Col-0. Additionally, as is consistent with expression being the causal difference between the alleles, the protein sequence of RBA1 Col-0 is highly conserved relative to RBA1 Ag-0 (98.4% identical) and was functional when expressed ectopically with the 35S promoter in Nicotiana benthamiana (Fig. S2H ).
RBA1 Is Autoactive and Enhanced Disease Susceptibility 1-Dependent
When Overexpressed. The TIR domains of several typical TIR-NLR immune receptors (L6, RPS4, RPP1) are autoactive, triggering cell death in the absence of pathogens when ectopically overexpressed as truncated TIRs (13, 17, 27) . Ectopic dexamethasone-or 35S promoter-driven overexpression of RBA1 in Arabidopsis, N. benthamiana, and Nicotiana tabacum resulted in host cell death in the absence of HopBA1, suggesting that RBA1 functions similarly to TIR domain truncations (Figs. 2 F and G and 3 C and D). The ectopic cell-death phenotypes driven by overexpression of TIR-NLR and/or derived single-domain TIRs typically are dependent on the Enhanced disease susceptibility1 (EDS1) signaling module (17, 28) . We found that RBA1-mediated cell death was also EDS1 dependent in the context of either transient overexpression (in eds1-silenced N. tabacum) or when expressed from its endogenous locus in an Arabidopsis eds1 mutant background (Fig. 2 G and H) . RBA1-mediated cell death also was dependent on PAD4, which is part of the EDS1 signaling complex (29) , and was partially dependent on SID2, but was independent of RAR1, a cochaperone protein required for some, but not all, NLRbased disease-resistance responses (Fig. 2H) (30) .
Predicted RBA1 Dimer Interface Mutants Affect Both Function and
Homotypic Interaction. To date, we have been unable to purify RBA1 protein and determine its structure experimentally. To put RBA1 into the context of existing TIR structures, we generated homology models with published RPS4 and L6 TIR domain structures. Modeling of RBA1 generated high-confidence tertiary structure predictions consistent with both RPS4 and L6 TIR dimer interface types (Fig. S3) . Similar to the RPS4 and L6 TIR domains, RBA1 can self-associate, as measured by both yeast two-hybrid (Y2H) and coimmunoprecipitation assays of differentially epitope-tagged RBA1 proteins (Fig. 3 and Fig. S4 ). To determine which interface was used for RBA1 self-association, we generated RBA1 mutations predicted to be at or near either the RPS4-type or the L6-type dimer interface (Table 1 and Fig. S3 ). Interestingly, mutation of particular RBA1 residues at either interface blocked RBA1-dependent cell death in transient overexpression assays (Fig. 3 , Table 1 , and Fig. S3 ). Mutation of conserved residues required for the function of RPS4/RRS1 (H34/H26) and L6 (G201) also resulted in loss of function for RBA1 (H32A and G151R). RBA1 S31A had a weaker effect than H32A, as is consistent with equivalent mutants' effects on RRS1 function (14) . The nonconserved RBA1 L6-type mutant K149E (L199 in L6) was also required for autoactivity. As is consistent with the loss of autoactivity, RBA1 dimer interface mutants also lost self-association as measured by coimmunoprecipitation (Fig. 3) . Some, but not all, RBA1 mutants that lost the ability to be coimmunoprecipitated also lost Y2H interactions (Table 1 and Fig. S4 ). We also observed changes in localization in the RBA1 mutants. Functional YFP-RBA1 fusion proteins formed aggregate-like cyto-nucleoplasmic puncta (Fig. S5) . However, nonfunctional YFP-RBA1 dimer interface mutants became delocalized and indistinguishable from coexpressed TagRFP (Fig. S5 ). YFP-RBA1 loss-of-function mutants accumulated higher levels of protein than WT YFP-RBA1 (Fig. S5C ). Microsomal fractionation of transiently overexpressed RBA1 in N. benthamiana indicated that RBA1 was associated with a detergent-sensitive membrane fraction, whereas much of the RBA1 interface S31A H32A double mutant accumulated in the soluble fraction (Fig. S5D ). This result was consistent with the differential localization of the fluorescently tagged RBA dimer interface mutants.
HopBA1 Is Structurally Similar to ChaN, a Heme-Binding Protein, and an Uncharacterized Domain of PMT, a Type III-Delivered Pasteurella multocida Toxin. Because the primary sequence of HopBA1 was uninformative, and T3Es are prokaryotic proteins that often evolve to mimic eukaryotic folds, we determined the 3D structure of HopBA1 to a resolution of 2.0 Å (SI Materials and Methods, Fig. S6 and Table S3 ). We used the HopBA1 structure to search the Protein Data Bank for structural homologs using the DALI server. This search indicated that HopBA1 is structurally related to the erythromycin esterase (EreA)-like/ChaN superfamily of proteins, sharing a similar α/β fold with an all-β-strand core as defined by SCOP (31). This superfamily (Fig. S6) consisted of ChaN, a heme-binding protein from Campylobacter jejuni (32), the EreA-like esterase Bcr136 from Bacillus cereus (33) , and a portion of the C2 domain of Pasteurella multocida dermonecrotic toxin (PMT) (34) . Modeling of HopBA1-like P. syringae effector proteins revealed that the T3E HopB1 (Fig.  S6G ) is also similar to ChaN/Bcr136/PMT-C2. Interestingly, excluding its disordered N-terminal type three secretion signal, HopBA1 represents a minimal fold present in all family members (Fig. S6 C-E).
Structurally Informed Mutagenesis of HopBA1 Identifies Residues
Required for RBA1-Mediated Host Cell Death. To test the relevance of the HopBA1 structural resemblance to Bcr136 and ChaN, we identified residues in HopBA1 that were in positions similar to those of the putative catalytic residues in Bcr136 and the heme-binding residues from ChaN (Fig. S6 F-H) . We mutagenized these residues to alanine or to more conservative alternate residues and assayed the mutants for the ability to trigger cell death in Ag-0 after delivery from Pf0-1. Mutation of putative Bcr136 catalytic residues and several sites near the ChaN heme-binding-related surface resulted in the loss of the ability to trigger host cell death (Fig. 4 A and B and Table S2 ). The four HopBA1 loss-of-function mutants that translocated into the host plant cell (H56F, W112A, Y158A, and R162A) (Table S2) were of particular interest, because their defect occurs in planta. As compared with the strong loss of cell-death phenotype, these four mutants had a weaker effect on pathogen growth restriction (Fig. 4C ).
HopBA1 Coimmunoprecipitates RBA1 and Enhances RBA1 SelfAssociation in Planta. NLRs can detect pathogen effectors either directly, as nominal ligands, or indirectly, via the activity of an effector on a host target or the decoy of a target (35) . To test whether RBA1 directly or indirectly sensed HopBA1, we assayed for physical interactions between the two proteins. HopBA1 and RBA1 did not interact directly when assayed in a Y2H system (Fig. S4C ). However, HopBA1 was able to coimmunoprecipitate RBA1 either in transient coexpression experiments in N. benthamiana or from Arabidopsis tissue infected with Pf0-1 (HopBA1) (Fig. 5 A and B) . Although these results suggest a close physical proximity, they do not rule out the possibility of bridging molecules in a larger complex that contains both RBA1 and HopBA1. We noted that RBA1 displays a molecular weight shift on SDS/PAGE gels that is enhanced by (but not dependent upon) the presence of HopBA1 (Fig. 5B) . In coimmunoprecipitations from Arabidopsis, HopBA1 preferentially associates with the higher molecular weight form of RBA1 (Fig. 5A) . The RBA1 size shift is correlated with function and is absent in RBA1 dimer mutants (it is still present in the functional, autoactive S31A single mutant) (Fig. 5D ). To test if this shift could be caused by phosphorylation, cell lysates from N. benthamiana expressing RBA1 and HopBA1 were incubated with or without lambda phosphatase (λ-PPase), which has activity for phosphorylated serine, threonine, and tyrosine. The addition of λ-PPase to samples containing both RBA1 and HopBA1 effectively eliminated the observed larger molecular weight band, strongly suggesting that RBA1 is phosphorylated (Fig. 5C) . Coimmunoprecipitation of RBA1 and HopBA1 was abrogated by the loss-of-function RBA1 dimer interface mutations (Fig. 5D) . Conversely, the ability to coimmunoprecipitate WT RBA1 was reduced by loss-of-function HopBA1 mutations (Fig. 5E ). This partial loss of interaction is consistent with the partial loss of disease resistance we observed for the HopBA1 mutants (Fig. 4) . Based on the requirement of RBA1 self-association for its interaction with HopBA1, we measured RBA1 self-association in the presence of HopBA1. Transient coexpression and subsequent coimmunoprecipitation of RBA1 with HopBA1 promoted enhanced RBA1 self-association relative to controls that either lacked the effector or carried the inactive HopBA1 H56F mutant (Fig. 5F ).
RBA1 Accumulates During Immune Responses Activated by a Variety
of NLR Proteins. We noted that native promoter-driven RBA1 protein is undetectable in transgenic plants (Fig. 2C) . However, RBA1 protein accumulated to high levels after Pf0-1 delivery of HopBA1 (Figs. 2C and 6A) . Accumulation of RBA1 after Pf0-1 delivery of the loss-of-function allele HopBA1 H56F was equivalent to that triggered by Pf0-1 (EV) control. To address whether RBA1 accumulation is HopBA1 specific, we used Pf0-1 to deliver other ETI-inducing T3Es (AvrRpt2 to activate RPS2, AvrRps4 to activate RPS4, and AvrPphB to activate RPS5). All ETI-inducing treatments induced RBA1 accumulation (Fig. 6) . Pf0-1 weakly induced RBA1 accumulation, but flg22 elicitors were able to induce RBA1 accumulation only slightly, and SA elicitors were unable to do so (Fig. 6A) . These results show that RBA1 accumulation is correlated with cell death triggered broadly during ETI, with MTI triggers having a much weaker effect.
Because RBA1 was autoactive at high expression levels in both N. benthamiana and Arabidopsis, we asked whether HopBA1 triggers RBA1 activity at lower expression levels or if cell death was merely correlated with higher levels of RBA1 protein accumulation. Therefore we compared RBA1 expression after high-titer inoculation with Pf0-1 (EV) with that induced by lower-level treatments of Pf0-1 (HopBA1) (Fig. 6B ). Although 
even at OD 0.8. It is notable that the lack of response after high-dose Pf0-1 (EV) inoculation was accompanied by an induced accumulation of RBA1 protein well in excess of that induced by the cell-death-triggering lower-dose inoculation of Pf0-1 (HopBA1) (Fig. 6B, Lower Band) . Thus, increased expression of RBA1 driven by its native promoter is insufficient in this context to activate cell death in the absence of HopBA1.
Discussion
The ability to monitor signals of microbial invasion is universally the first step in mounting an immune response. In plants, the intracellular "sensor" proteins of the NLR family are critical components for activating plant immunity. These sensors monitor a reliable indicator of pathogenesis: the presence of pathogen effector proteins. These pathogen effector proteins can be thought of as evolved tools that manipulate critical, and often conserved, components required for host immunity (36) .
Here we define and characterize a type of NLR-like protein that consists of only a functional TIR domain, RBA1. We provide a crystal structure for the T3E protein, HopBA1, that triggers an RBA1-dependent cell-death response and show that it resembles a bacterial heme-scavenger protein. Mutations in and around the putative heme-binding site of HopBA1 result in loss of coimmunoprecipitation with RBA1 and loss of RBA1-dependent cell death. HopBA1 enhances RBA1 self-association, which is necessary for ectopic autoactivation of host cell death. Surprisingly, mutations in either of two previously characterized TIR dimerization interfaces abolished RBA1 autoactivity, its selfassociation, and its interaction with HopBA1. Our data demonstrate that neither of the previously characterized plant TIR dimer interfaces alone is sufficient for effective RBA1 signaling.
To identify components of the host immune system, we used a genetic approach exploiting natural variations in both the host and the pathogen. We identified HopBA1 as a trigger of RBA1 activity. Like many pathogen virulence effectors, HopBA1's biochemical function is not revealed by its primary protein sequence. In combination with a genetic dissection of HopBA1-triggered responses in the host, we took a structural approach and determined the crystal structure of HopBA1. Bacterial virulence proteins are often structural mimics of eukaryotic proteins. However, the structure of HopBA1 that we solved was most similar to the bacterial heme-binding protein ChaN and the bacterial esterase Bcr136. We were not able to demonstrate any heme-binding or esterase activity using in vitro-purified HopBA1 protein. However, using ChaN and Bcr136 as a guide, we generated HopBA1 mutants that lose the ability to trigger RBA1 cell death in planta.
Recently, the Pto DC3000 effector HopB1 was proposed to be a novel type of serine protease (37) . Secondary structure analysis in Li et al. (37) showed no homology to known proteases. However, our structure-based homology searches indicated that HopB1 is actually a HopBA1-like protein most similar to the PMT-C2 domain (Fig. S6G) . Li et al. proposed that HopB1 H413, T370, D435, and D436 form a catalytic core. Based on the HopB1 homology model, the proposed HopB1 catalytic histidine (H413) is conserved in HopBA1 (H193), in the heme scavenger ChaN (H220), and in the EreA-like esterase Bcr136 (H309), but not in PMT (L1045). The HopB1 catalytic threonine and aspartates (T370/D435/D436) proposed by Li et al. are not conserved in HopBA1/ChaN/Bcr136 and do not appear to be in a position likely to promote catalysis involving HopB1 H413, based on modeling to the structure of the PMT-C2 domain (Fig. S6G) . In contrast to HopB1, structural and biochemical analyses of EreA/Bcr136 by Morar et al. (33) indicate that the Bcr136 proposed catalytic histidine is likely to be H84, rather than H309, and that its catalysis is not dependent on serine or threonine. This proposed Bcr136 catalytic histidine is also conserved across the family of HopBA1-like proteins. The residue in HopB1 (H274) corresponding to the proposed Bcr136 catalytic histidine was not tested for HopB1 catalytic activity in Li et al. (37) . Both HopBA1 H56 (analogous to the proposed Bcr136 esterase catalytic residue) and H193 (proposed HopB1 serine protease catalytic residue) are required for HopBA1-triggered cell death. Despite considerable conservation at both of these histidines across the family, HopBA1-like proteins appear to have quite diverse biochemical functions. These proteins also have been proposed to be ancient relatives of the human TIKI metalloprotease (38) .
HopBA1-like proteins may be important virulence factors for both plant and animal pathogens. Intriguingly, the structure of HopBA1 is similar to a domain of the Pasteurella multocida toxin, PMT. PMT has acetyltransferase activity that modifies the animal cytoskeleton. However, PMT is a large, multidomain protein, and its HopBA1/Bcr136/ChaN-like domain has no described function. The presence of a HopBA1-like protein in a mosquito microbiome strain also hints at a conserved role for HopBA1-like proteins as effectors in both plants and animals. The precise role of HopBA1 in virulence remains obscure. To date, we have been unable to demonstrate a virulence function for hopBA1, by either the addition of hopBA1 into the Arabidopsis/Pto DC3000 system or the deletion of hopBA1 from the sugar beet/P. syringae pv aptata pathosystem. Recently, deletion of hopBA1 was shown to reduce P. syringae growth on wheat, especially in the context of a hopBA1/hopA2/hopAZ1 triple mutant (39) . A full understanding of the mechanism of HopBA1 function will require genetic and biochemical characterization of additional components beyond HopBA1 and RBA1, including HopBA1 virulence targets and unknown genes required for immune perception and activation (see discussion below).
A critical unsolved question in plant innate immunity is how NLRs actually signal downstream to activate cell death and disease resistance as measured by pathogen growth restriction. Although the direct and indirect pathogen-recognition events activating NLRs are increasingly well understood, the downstream events remain obscure (40) . In the case of TIR-NLRs, ectopic cell death triggered by the expression of truncated TIR domains in the absence of pathogens indicates that they are likely sufficient to trigger disease resistance (13, 17) . A requirement for dimerization is typically reported for TIR-truncation phenotypes, even though the reported dimers (L6 and RPS4/RRS1) are structurally distinct (13, 14) . Homology modeling to structures of TIR domains from the full-length NLRs RPS4 and L6 guided our RBA1 mutagenesis. Mutations in RBA1 that reflect alterations in either the L6 or the RPS4 dimerization interfaces resulted in the loss of RBA1 activity and self-association. This genetic evidence strongly suggests that a WT RPS4 interface is insufficient to support selfassociation in the former set of mutants and that a WT L6 interface is insufficient to support self-association in the latter. Additionally, RBA1 mutants in either of the two interfaces expressed in trans do not self-associate (Fig. 3F) .
Our results are consistent with speculative models in which RBA1 either has a unique TIR structure or forms functional multimers that are dependent on both interfaces (Fig. S3) . RBA1 self-association could be stabilized by cooperativity, as reported for TIR domains during activation of the Toll signaling complex (41) . The requirement for both TIR interfaces in plants is likely a generalizable observation, because equivalent RPS4 dimer interface mutations made in the L6 TIR domain and vice versa result in loss of function, indicating the general importance of both interfaces (42) . Like the RBA1 mutants, these L6 and RPS4 mutants present a result not expected from the published crystal structures. The hypothesis that interfaces are simultaneously engaged could resolve the puzzle presented by the distinct dimer interfaces found in the L6 and RPS4 crystals. Potentially, these crystals are incomplete, and each represents only part of a larger complex that is bigger than simple dimers. Consistent with this model, Zhang et al. (42) have generated two new plant TIR domain crystal structures [of Successor of npr1-1, constitutive 1 (SNC1) and RPP1] that support our speculation that two interaction surfaces are engaged simultaneously. Consistent with these results, Hyun et al. (43) also found both L6 and RPS4-like interfaces within a SNC1 TIR crystal. To test if a TIR multimer is at least sterically feasible, we generated a model of a hybrid RBA1 TIR oligomer structure containing simultaneous L6 and RPS4-type interfaces (Fig. S3 C-E) . Although the structure of full-length NLRs remains obscure, this hybrid TIR structure also would be sterically feasible for full-length NLRs because it distributes both the N and C termini around the outer surface of the helix (Fig. S3E ). Whether such a structure actually occurs remains to be determined, but in animals TIR domains are known to oligomerize and heterodimerize to transmit signals (44) . Analogous to this hypothetical RBA1 oligomer, the animal TIR protein MyD88 is proposed to form a helical homo-oligomer (with multiple, distinct interaction surfaces) as part of a larger complex of TIR-containing proteins (45) . Thus, it is possible that plant TIR domain oligomerization and/or heterodimerization regulate the formation of functional signaling macrocomplexes.
Importantly, the loss of RBA1 self-association is correlated with the loss of RBA1 interaction with HopBA1. Coimmunoprecipitation is not sufficient to demonstrate a direct interaction between HopBA1 and RBA1; thus we cannot rule out the possibility that additional host-derived molecules may bridge HopBA1 and RBA1. Indeed, Y2H assays failed to demonstrate a direct HopBA1-RBA1 interaction. Exactly how HopBA1 triggers RBA1 remains unknown. The absence of typical NLR negative regulatory domains in RBA1 presents a puzzle as to how RBA1 is regulated. Treatment of native promoter-driven RBA1 transgenics with high-titer Pf0-1 (EV) induces RBA1 expression. However, this expression does not trigger cell death as efficiently as the weaker RBA1 accumulation triggered by lower titers of Pf0-1 (HopBA1). Thus, a low level of RBA1 in the presence of HopBA1 triggers cell death more strongly than a high level of RBA1 in the absence of the effector. This finding strongly supports a direct mechanistic link between HopBA1 recognition and RBA1 activation. The presence of HopBA1 leads to a molecular weight shift in RBA1 that is sensitive to λ-PPase. This sensitivity suggests that HopBA1 enhances RBA1 phosphorylation and that phosphorylation may be required for full RBA1 activity. We observed that other ETI-inducing treatments (and Pf0-1, to a lesser extent) also lead to a molecular weight shift in RBA1, so the shift is likely caused by the activation of an endogenous phosphorylation pathway downstream of pathogen recognition rather than by a specific response to HopBA1. Consistent with this notion, the lack of phosphorylation in the RBA1 self-association mutants suggests that phosphorylation is either coincident with or downstream of RBA1 self-association. Intriguingly, we found in Arabidopsis that HopBA1 interacted preferentially with the higher molecular weight, presumably phosphorylated, form of RBA1. This observation suggests that the RBA1 size shift is functionally relevant to activation; to test this hypothesis, we are pursuing mass spectrometry to identify the exact modifications. Future identification of which residues of RBA1 are modified, and how, is likely a fertile ground for understanding downstream events at or after NLR activation. We note that the full-length TIR-NLR RPP1 also may be posttranslationally modified (27) , indicating that posttranslational modification of TIR domains is not an RBA1-specific event but rather may be a general event during NLR activation and/or signaling. The promotion of RBA1 self-association by HopBA1 suggests a simple model wherein HopBA1 lowers a threshold for RBA1 oligomerization, dependent on both the RPS4-and L6-type interfaces, to activate cell death.
Given the recent example of RPS4/RRS1 TIR-TIR heterodimers in plants (14) and the animal TIR signalosome (46) , it is a distinct possibility that another NLR facilitates RBA1 function (or is itself regulated by RBA1) via TIR-TIR interactions. The existence of unknown genes related to HopBA1 recognition and RBA1 function is strongly supported by our genetic data. Col-0 lacks the RBA1-dependent HopBA1-induced cell death response; however, the growth of Pto DC3000 on Col-0 is still restricted by HopBA. Whether RBA1 modifies this RBA1-independent recognition or functions independently remains to be determined. Although there are no tightly linked full-length TNLs near RBA1 in the genome, NLR heteromerization offers an alternative model wherein RBA1 forms a complex with an unknown full-length NLR. Although hypersensitive cell death and disease resistance are often correlated, the mechanistic contribution and importance of hypersensitive cell death to disease resistance remains obscure. Pto DC3000 containing HopBA1 is still growth restricted on Col-0, indicating a decoupling of cell death and disease resistance. Decoupling of cell death and disease resistance has been previously reported (47) (48) (49) . HopBA1 is not present naturally in Pto DC3000, so better understanding its contribution to disease resistance might require future studies in its endogenous strains (P. syringae pv. Aptata and P. syringae pv. Japonica) in their hosts of isolation (sugar beet and wheat, respectively).
In this work, we demonstrate that a TIR-only protein can determine the response to a pathogen effector. In addition to RBA1, there are ∼50 TIR, TIR-X, and TIR-NB genes present in the Arabidopsis Col-0 reference genome (50) . Although RBA1 appears to be a pseudogene in the Col-0 genome, most of the TIR-X and TIR-NB genes are expressed (50) . Interestingly, several of these are transcriptionally induced by the defense hormone salicylic acid, suggesting a role in disease resistance (28) . Like RBA1 or TIR domains truncated from full-length TNLs, overexpression of TIR-X and TIR-NB proteins can trigger EDS1-dependent cell death (28) . Loss-of-function mutations in TN2, a TIR-NB protein lacking LRRs, were isolated as genetic suppressors of cell death triggered by loss-of-function alleles of EXO70B1, a component of the exocyst vesicle trafficking complex (51) . These phenotypes are consistent with a model wherein EXO70B1 is a guardee, monitored by the immune receptor TN2 and targeted by as yet unknown pathogen effectors. This model is analogous to the classical RPS2/ RIN4 NLR/guardee model, except that the NLR is a truncation lacking the canonical LRR domain (52, 53) . There is also precedence for TIR-NB proteins regulating full-length TNLs. The chs1-2 (a TIR-NB) mutant phenotype of temperature-dependent cell death requires the neighboring full-length TNL gene SOC1 (54). Truncated NLR proteins also have been reported to arise from a single full-length TNL gene via alternative splicing (55, 56) . In the case of the tobacco N gene, analysis of alternative cDNA products suggests that a truncated TIR-NB splice variant is required for full function (56) . Our studies of RBA1 provide a conclusive answer that TIR-containing truncated NLRs can regulate immune responses in response to pathogens and furthermore suggest a more complex model of TIR oligomerization using distinct structural interfaces. These observations expand our view of the diversity of the plant immune system in terms of both receptor architecture and mechanisms of activation.
Materials and Methods
Plant Materials and Growth Conditions. Arabidopsis was grown in walk-in rooms maintained at 21°C/18°C (day/night) with a 9-h/15-h day/night cycle. Tobacco was grown in walk-in growth rooms maintained at 26°C/22°C with a 12-h/12-h day/night cycle. Transgenic Arabidopsis strains were generated using standard floral dip techniques (57) . Ag-0 defense mutant plant lines were generated by introgressing mutant alleles from Col-0 into Ag-0. The Ag-0 mutant plants used were progeny of plants fixed for RBA1 Ag-0 and heterozygous for the defense gene, thus allowing cosegregation analysis. Correlation of genotypes and phenotypes was verified using standard PCR markers (oligonucleotides are available upon request).
Generation of Expression Plasmids. Gateway-compatible Entry clones and Destination clones were generated by BP and LR cloning (Invitrogen) or by direct synthesis (GenScript). Site-directed mutants were generated by overlap extension PCR or site-directed, ligase-independent mutagenesis (SLIM) (58) . Oligonucleotides used for cloning are available upon request. RBA1 is N-terminally epitope tagged throughout the paper, because C-terminal tags have reduced function. Agrobacteria 35S-promoter expression plasmids included pGWB615 (3×HA), pGWB618 (4×MYC), pGWB642 (eYFP), and pGWB661 (TagRFP). Pseudomonas expression plasmids used were pJC531 (native promoter:1×HA) and pJC532 (native promoter: ΔavrRpt2). The RBA1 native promoter HA:RBA1 genomic complementation construct was generated in pGWB616. Dexamethasone-inducible RBA1 was expressed from the pBUD vector. pGWB vectors are from the Nakagawa laboratory (59).
Bacterial Strains and Growth Conditions. Escherichia coli Top10 and Agrobacterium tumefaciens strain GV3101/pMP90 were grown in LB medium at 37°C and 28°C, respectively. Pseudomonas strains were grown at 28°C in King's B medium. The E. coli antibiotic concentrations used (in micrograms per milliliter) were ampicillin 100, kanamycin 30, gentamycin 25, and spectinomycin 50. Agrobacterium antibiotic concentrations used (in micrograms per milliliter) were gentamycin 50, kanamycin 100, rifampicin 100, and spectinomycin 100. Pseudomonas antibiotic concentrations used (in micrograms per milliliter) were gentamycin 25, kanamycin 30, and rifampicin 50.
Bacterial Assays and Conductivity Measurements. P. fluorescens (Pf0-1) effector delivery assays were performed as described (22) . Typically, Pf0-1 was grown overnight, washed, and diluted in 10 mM MgCl 2 to an OD 600 of 0.1. These cultures were hand-injected with needleless syringes into 4-to 6-wkold Arabidopsis rosette leaves between 10 AM and noon and were phenotyped 24, 36, and/or 48 h after infiltration. P. syringae bacterial growth assays were performed as described (60) . Briefly, Pto DC3000 was grown overnight and washed in 10 mM MgCl 2 , resuspended to OD = 0.0002, and then injected as described above. Leaves were cored (no. 4 cork borer), ground, and dilution plated to assess recovered colony-forming units. Each experiment contained six biological replicates per genotype, and statistical significance was assessed using a one-way ANOVA and post hoc Tukey's honestly significant difference (HSD) test (P ≤ 0.05) (SigmaPlot). To measure conductivity, four leaf discs were collected with a no. 4 corer from four independent plants infiltrated 18 h earlier. Leaf disks were added to clear tubes with 6 mL of distilled water at room temperature under continuous light (three replicates per sample). Changes in water conductivity were measured at the indicated time points with an Orion Model 130. Agrobacterium (GV3101/pMP90) transient assays were performed similarly but were resuspended in 10 mM MgCl2 amended with 10 mM Mes (pH 5.0) and 150 μM acetosyringone. Agrobacteria were injected at a total OD of 0.8 (including OD 0.1 of 35S:P19) into 5-to 6-wk-old N. benthamiana leaves. Ectopic RBA1 chlorosis and tissue collapse typically appeared ∼36-48 h postinoculation.
Structural Modeling of RBA1. Homology modeling of RBA1 was done using the Phyre2 suite (61) . When using the intensive modeling setting, the RPS4 TIR domain [Protein Data Bank (PDB) ID code 4C6R] is the highest hit returned (100% confidence, 41% sequence identity), and the L6 TIR domain (PDB ID code 3OZI) is the second (100% confidence, 30% sequence identity). Hypothetical RBA1 dimers and oligomer were generated by using the ALIGN function of PyMOL (version 1.4.1; Schrodinger, LLC).
Coimmunoprecipitation and Western Blots. A combination of Agrobacterium strains harboring the correct vectors were infiltrated into two separate halves of N. benthamiana leaves that were subsequently flash frozen 36 h postinoculation. Frozen leaf tissue was collected and ground in a mortar and pestle with liquid nitrogen and resuspended in 2 mL of extraction buffer [50 mM Hepes-KOH (pH 7.5), 50 mM NaCl, 10 mM EDTA (pH 8.0), 0.2% Triton X-100, 5 mM DTT with 1× plant protease inhibitor mixture (Sigma-Aldrich)]. Soluble supernatants were cleared twice by centrifugation at 10,000 × g for 10 min at 4°C and were incubated for 2 h with end-over-end turning at 4°C with 50 μL of α-myc-or α-HA-conjugated magnetic beads (Miltenyi Biotec) for Myc-HopBA1 or HA-RBA1 precipitation or with 100 μL of α-T7 agarose beads (Novagen) for T7-HopBA1. Samples were captured with MACS separation columns (Miltenyi Biotec) and were washed three times with washing buffer (extraction buffer with 0.1% Triton X-100 and 150 mM NaCl). Bound proteins were eluted in elution buffer [50 mM Tris·HCl (pH 6.8), 50 mM DTT, 1% SDS, 1 mM EDTA (pH 8.0), 0.005% bromophenol blue, and 10% glycerol]. T7 agarose beads were collected by centrifugation at 1,000 × g for 5 min at 4°C and were washed three times with washing buffer. The bound proteins were eluted in 100 μL of elution buffer. Samples were resolved by electrophoresis on 12% SDS/PAGE, transferred to PVDF, and blotted with primary antibodies overnight at 4°C in TBS with 1% Tween (TBST) and 5% nonfat dry milk. The following concentrations were used: α-Myc, 1:1,000 (Santa Cruz Biotechnology); α-HA, 1:1,000 (Sigma); α-T7, 1:10,000 (Novagen). Seedlings were thinned to three to four plants per ecotype after 2 wk in growth chambers. Vacuum infiltration was applied to 3.5-wk-old plants using a large vacuum container (Techni-Dome 360 Vacuum Desiccator; Bel-Art Products) Vacuum was maintained at 29 psi for 1 min and then was released slowly to ambient air pressure. Plants were returned to the growth chamber and phenotyped over the course of 5 d.
Supporting Information
Positional Cloning of RBA1. Crosses between responsive (Ag-0 and Ws-2) and nonresponsive (Col-0 and Ler-0) accessions indicated that an Ag-0 × Ler-0 F2 population gave the most robust and unambiguous phenotypes in response to Pf0-1-delivered HopBA1. Preliminary bulk segregant analysis was done using Col/La-er simple sequence-length polymorphism (SSLP) markers found to be polymorphic between Ag-0 and La-er. After rough mapping of RBA1 to the top of the bottom arm of chromosome 1, we screened 3,100 F2 plants for recombinants between At1g46192 and At1g47520, an ∼230-Mb interval. Phenotypes of recombinants were tested in the F2 population and then were verified in an F3 population. Fine mapping proceeded using polymorphisms identified from resequencing of Ag-0. To verify synteny with the reference genome, Ag-0 genomic DNA corresponding to 17360774-17372859 of the Col-0 reference genome (spanning the entire fine-mapping interval) was PCR amplified and Sanger sequenced.
Fine Structure of the RBA1 Locus. We compared the functional RBA1 allele present in Ag-0 with the reference and nonfunctional Col-0 allele. RBA1 was not supported by Col-0 cDNA data and is not expressed in public Affymetrix databases, as is consistent with pseudogenization. A survey of public sequencing data found that RBA1 is present in only 5 of 17 libraries at a level of 3-19 transcripts per million (28) . The most striking structural difference between the genomes of Col-0 and Ag-0 in this region is the absence in Ag-0 of a large transposon that is found immediately downstream of RBA1 in Col-0. In Ag-0, this transposon is absent, bringing the 5′ region of an F-box protein close to the 3′ end of RBA1. This structural difference led us to explore how RBA1 is spliced in Ag-0 and Col-0. As consistent with the hypothesis of pseudogenization, we were unable to isolate RT-PCR fragments across putative intron-exon junctions from Col-0-derived cDNA. We were able to isolate Ag-0-derived cDNA fragments consistent with a TIR-only protein. We were unable to validate either the annotated TIR-X isoform from Ag-0 or Col-0 or the presence of a TIR-F-box splice product in Ag-0. As is consistent with this interpretation, an N-terminally tagged TIR-X genomic construct from Ag-0 expressed in N. benthamiana produced a 25-kDa TIR-only protein rather than the predicted 40-kDa TIR-X protein (Fig. S2B) .
Generation of CAS9 Mutants. Arabidopsis mutants were generated via CAS9 mutagenesis. AtU6 promoter-driven guide RNAs were generated to target the first exon of RBA1 and were recombined with LR Clonase II (Invitrogen) into the pCUT6 Ubi10pro-moter:CAS9 binary vector (62) . This vector was stably transformed into Arabidopsis via floral dip. T1 plants were selected for BASTA resistance and then were screened for somatic CAS9 cutting at the expected site. Plants that displayed frameshifts via Sanger sequencing were selfed and taken to the T2 generation. To identify germline mutations in RBA1, T2 plants that had segregated away the transgene (BASTA-sensitive) were reanalyzed at the cut site. We identified two independent, transgeneminus, heterozygous rba1 mutants. These were self-fertilized, and homozygotes were selected in the T3 generation.
Determination of HopBA1 Crystal Structure.
Expression and purification of recombinant HopBA1. GST-tagged HopBA1 was expressed in Novagen Rosetta E. coli BL21(DE3) cells. Cells were grown in 1 L Terrific Broth (ampicillin 100 μg/mL, chloramphenicol 33 μg/mL) at 37°C to an OD 600 of 0.5, incubated in an ice-water bath for 1 min, and then induced with 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 19°C overnight. Purification was achieved by tandem GST affinity chromatography in buffer A [20 mM Tris (pH 7.5), 150 mM NaCl, 2 mM DTT, and 5% (vol/vol) glycerol]. Elution was effected with 40 mM GST in buffer A. Subsequently, the GST tag was removed by tobacco etch virus (TEV) in buffer A. Purified HopBA1 was then obtained by size-exclusion chromatography in buffer A. Elution of HopBA1 during size-exclusion chromatography was compatible with a particle that has the hydrodynamic radius of an ∼25-kDa globular protein, thus indicating that HopBA1 exists as a monomer in solution under the conditions used. HopBA1 then was concentrated to 13 mg/mL and sent to crystallization (the excess was stored at −80C). Crystallization of HopBA1. Initial crystallization hits were obtained using commercially available crystallization screens (63) and then were optimized. Crystals suitable for structure determination were ultimately obtained by vapor diffusion (hanging-drop mode) using 6 μL protein solution and 6 μL crystallization solution [either 0.5 M potassium sulfate, 0.1 M Hepes (pH 7.0), and 30% (vol/vol) PEG 400 or 0.5 M lithium sulfate, 0.1 M Tris (pH 7), and 30% (vol/vol) PEG 400] equilibrated over 0.5 mL of crystallization solution. Crystals were harvested, dipped in glycerol, cooled by plunging into liquid nitrogen, and stored for further X-ray diffraction experiments. Final HopBA1 crystals were ∼100 μm in length/width/height and diffracted X-rays to about 2.8 Å using an in-house X-ray source. Expression of the HopBA1 selenomethionine variant. The GST-HopBA1 construct was transformed into the methionine auxotroph E. coli BL21 834 (DE3) and expressed in the presence of selenomethionine. The purification protocol was unaltered from that of recombinant HopBA1 described above. Crystals were obtained in the same manner as for HopBA1, with a crystallization solution of 0.5 M potassium sulfate, 0.1 M Hepes (pH 7.0), and 30% (vol/vol) PEG 400, and had a final size of ∼120 μm in length/width/height. Optimal crystals were produced at a concentration of 10.7 mg/mL. Crystal structure determination. The crystal structure of HopBA1 was determined by single-wavelength anomalous diffraction (SAD) using data to a resolution of 3.3 Å collected at the Advanced Photon Source Southeast Regional Collaborative Access Team (SER-CAT) beamline 22-ID (Argonne, IL). An initial model was obtained using the program CRANK from the CCP4 suite (64) and was completed using iterative model building with COOT (65) interspersed by refinement with the program REFMAC (66, 67) . The resulting model was used for molecular replacement using diffraction data to a resolution of 2.01 Å (collected at SER-CAT beamline 22-ID) to obtain a model for native HopBA1 that then was refined with the program suite Phenix (68) . The final model has excellent stereochemistry as assessed by the program MolProbity (69, 70) with 99.1% of the residues falling into the preferred and 0.9% of the residues falling into the allowed regions of a Ramachandran plot (Table  S1 ). The model of HopBA1 has been deposited in the PDB database (PDB ID code 5T09).
Y2H Assays. Protein interactions were assayed using Gatewaymodified versions of the traditional pEG202 and pJG4-5 vectors. pDONR207 Gateway Entry clones containing ORFs were recombined into pEG202 and pJG4-5 using LR Clonase II. The resulting vectors were sequence verified and then were transformed into EGY48 (pEG202) and RFY206 containing the LacZ reporter pSH18-34 (pJG4-5). The resulting strains were mated, and diploids were selected on synthetic medium (SC-HUW). Diploids were spotted onto SC-HUW +X-gal (80 μg/mL). Protein accumulation of fusion proteins in diploids was verified with standard Western blotting using antiLexA (rabbit polyclonal Ab; Abcam) and anti-HA (rat mAb; Roche) antibodies.
Confocal Microscopy. Leaf discs (7 mm diameter) of 4-to 5-wk-old N. benthamiana leaves were collected 24 h after Agro infiltration (as described above). The abaxial side of the leaves was imaged using a C-Apochromat 40×/NA1.2 water immersion lens on a Zeiss LSM710 confocal laser-scanning microscope. Images were taken with standardized excitation intensities and photomultiplier gains. XFP fluorescence was imaged using an Argon/2 laser and the photomultiplier tube (PMT) detector to collect emissions. Excitation wavelength/emission bandwidth were set at 514/519-560 nm for YFP and 561/594-651 nm for tRFP.
Microsomal Fractionation. Leaf discs (as described above; 100-200 mg) were ground in 500 μL cold sucrose buffer [20 mM Tris (pH 8), 0.33 M sucrose, 1 mM EDTA, 5 mM DTT, and 1× Sigma plant protease inhibitors]. Samples were spun at 4°C in a microcentrifuge at 2 × g for 5 min to remove debris. The supernatant here is the total lysate fraction (T). A portion of the total lysate was then spun at 4°C at 20 × g for 30 min. The resulting supernatant is the soluble fraction (S), and the pellet was resuspended in an equal volume of sucrose buffer to yield the microsomal fraction (M). S3 . PyMOL modeling of RBA1 dimer mutants; hypothetical higher-order TIR complexes are sterically feasible (data related to Fig. 3 ). (A) L6-type RBA1 mutations. The RBA1 residues shown in purple lose autoactivity function when mutated. The residues shown in gray were dispensable for autoactivity. (B) RPS4-type RBA1 mutations. The RBA1 residues shown in red lose autoactivity function when mutated. The residues shown in gray were dispensable for autoactivity. (C) The TIR dimers for L6 and RPS4 interact on distinct surfaces. (D and E) Hypothetical models of RBA1 interacting simultaneously using both L6 and RPS4 interfaces. D shows a three-dimer chain color-coded as in C. In E, nine dimers form a helical structure around a central channel. Monomers from L6-type dimers share colors (either orange or marine); L6-type dimers are connected across colors by RPS4-type interfaces. The N and C termini of each monomer are indicated by black and gray spheres, respectively. (Table S3) : gray, no effect; red, loss of translocation; yellow, loss of function in planta. Both HopBA1 H193 and H56 described above in G lose the ability to trigger cell death, although H193 is not translocated into the plant. 
